ABSTRACT: Effects of cell size and/or specific growth rate were studied in 2 species of marine diatom, the large-celled Ditylum brightwellii and the smaller Chaetoceros calcitrans. Cells were grown as lightlimlted continuous cultures to produce a wide range of specific growth rates from 0.12 d-' in D. brightwellii to 1.01 d-' in C. calcitrans. Carbon isotope discrimination (A) values, relative to source 8':'C of dissolved inorganic carbon (DIC), showed no relationship to specific growth rate within species. When examined interspecifically there was some evidence that growth rate or cell size affected the '"/"C ratios of the diatoms. At each photon flux density (PFD) used for growth, the specific growth rate of C. of physiological data in fully interpreting the stable carbon isotope ratios of diatoms is also discussed.
INTRODUCTION
Stable carbon isotope ratios of terrestrial plants are well defined and understood, with 6I3C values being primarily determined by the main carboxylating enzymes involved with photosynthesis (Park & Epstein 1960) . C3 plants have typical 613C values of -20 to -32%0 and C, plants ai3C values of -9 to -17% (O'Leary 1981) . The isotopic composition of CAM (crassulacean acid metabolism) plants will reflect operation of the different carboxylation pathways, thus when they function strictly in the C3 mode they have 6I3C values near those of C3 plants while plants engaging in only C, fixation will have 613C values near those of C4 plants. However, in the aquatic environment, algal species show a wide variation in l3C/I2C ratios. ' Present address: MSRC, State University of New York, Stony Brook, New York 11794-5000, USA For cultures of marine phytoplankton, an essentially continuous range of values from -6 to -30% has been reported (Degens et al. 1968a , b, Wong & Sackett 1978 , Descolas-Gros & Fontugne 1990 , Falkowski 1991 , Johnston & Raven 1992 ; work on diatoms is reviewed by Fry 1996) .
Recent work has suggested that factors such as growth rate and cell size might influence the carbon isotope ratios in marine phytoplankton (Muscatine et al. 1989 , Fry &Wainwright 1991 , Takahashi et al. 1991 , Laws et al. 1995 . During growth, small cells with high specific growth rates may use CO2 rapidly. If the rate of photosynthetic carbon fixation is much faster than the replacement of inorganic carbon, for example from CO2 in air, then isotopic equilibration between the various dissolved inorganic carbon species may not be reached. Fixation of almost all available CO2 would result in limited fractionation and the cells would become enriched in I3C (Deuser et al. 1968 , Rau et al. 1992 . A culture of large cells that have slow growth rates, with the same inoculum of algal biomass per unit of culture medium as small cells, should be unable to cause such a ''C depletion and are thus expected to have more negative 6'" values than smaller cells.
Alternatively, larger cells, with thicker boundary layers than smaller cells, may have more posltive 6I3C values. All solid objects in fluids will have unstirred layers (boundary layers) surrounding them (Raven 1994) . Exchange of nutrients will be by molecular diffusion. The carbon pool in the boundary layer will represent that in a semi-closed system (Smith & Walker 1980) . In cells relying on CO2 diffusion for photosynthesis, a thicker boundary layer should cause greater diffusion of CO2 and assimilation of I3C which would normally be discriminated against (France 1995) .
The purpose of this study was to investigate the influence that growth rate and cell size may have on the 6I3C values of the large-celled Ditylum brightwellii and the small-celled Chaetoceros calcitrans. Lightlimited continuous cultures were used to alter growth rates of the diatoms. The range of irradiances used in this study was characteristic of the photosynthetically active radiation found in the lower regions of the euphotic zone in stratified oceanic areas (Klrk 1994).
MATERIALS AND METHODS
Cultures. Cultures of Chaetoceros calcitrans and Ditylum brightwellii were obtained from the Provasoli-Guillard Centre for Culture of Marine Phytoplankton (CCMP, Maine, USA). The diatoms were grown in lightlimited continuous cultures. At steady state, the specific growth rate of cells equals the dilution rate of the culture and there is no change in cell concentration. Dilution rate is defined as D = flv, where f is the flow rate (cm3 d-l) and v is the volume of the culture (cm3) which was 1 dm3 in this study. Ph.oton flux density (PFD), and consequently specific growth rate, was controlled by altering the distance of a fluorescent lamp from the culture vessel and was set at 5, 20, 40 or 60 pm01 m-' ss1 at the surface of the vessel. Cultures were aerated from cylinders of compressed air (BOC Gases, Surrey, UK). A glass sparger (BDH Laboratory Supplies, Poole, UK) and magnetic stirrer ensured that the culture and medium were well mixed and prevented settling.
The continuous cultures were grown in a constanttemperature room maintained at 18°C and under constant illumination. When algal samples were removed for experimental purposes, the volume in the culture vessel was allowed to reach 1 dm3 and a steady state achieved before further samples were withdrawn.
Checks of pH and dissolved inorganic carbon (DIC) in the culture medium were made when samples were Stable carbon isotope analysis. Samples for determination of organic carbon isotope ratios were collected by removing 150 cm3 of culture. Cells were pelleted using a bench centrifuge (3000 X g for 5 min), washed twice in fresh, sterile seawater, then washed twice in distilled water to remove inorganic carbon. Samples were suspended in 20 mm3 distilled water, transferred to tin boats and dried overnight at 80°C. The 6I3C of particulate organic carbon was measured on a VG SIRA Series I1 isotope ratio mass spectrometer with a Carlo-Erba CHN analyser as the combustion unit.
For 6I3C determination of source DIC, 20 cm3 samples were acidified in 10 cm3 of 8 km01 m-3 phosphoric acid and the resulting CO2 was collected cryogenically using a liquid nitrogen trap. A helium gas stream was used as a carrier gas and this together with the liberated CO2 was pulled into an evacuated collecting tube using a rotary vacuum high pressure pump. Source 613C values were measured on a Europa 20/20 mass spectrometer.
Carbon isotope discrimination (A) was calcul.ated as:
RESULTS

Light-limited growth characteristics
Specific growth rates for Chaetoceros calcitrans, when grown under light limitation, ranged from 0.29 to 1.01 d-l. In Ditylum brightwellii, the lowest growth rate was 0.12 d-' and the highest 0.58 d-l. For any given irradiance, the maximum specific growth rate of C. calcitrans was at least twice that of D. brightwellii (Fig. l ) .
Stable carbon isotope ratios
In the continuous cultures, the 613C of the source DIC ranged from -4.69 to +0.57%o. Measurements of source 613C were made for each organic 6I3C sample taken and used to calculate A at each specific growth rate (Table 1) .
Intraspecific variation in 613C
Mean 613C values of the organic material of Chaetoceros calcitrans became sltghtly more negative with 
Interspecific variation in 613C
When the mean discrimination values for both diatoms at all light levels were examined, significant
Specific growth rate (p d-l)
Fig. 2. lsotopic discrimination in continuous cultures of (A)
Chaetoceros calcitrans and ( B ) Ditylurn brightwellii at varying specific growth rates at 18OC. Dotted lines indicate regression between isotope discrimination and specific growth rate Fig. 3 ). These data are inconsistent with the hypothesis that larger, slower-growing Chaetoceros c~~lcitrans and (m) Ditylum brightwellii at varying PFDs at 18°C. Each point is the mean of at least 6 replicates diatoms should have greater 13C discrimination, but are consistent with a boundary layer effect which would give less isotopic fractionation in the larger cells.
At lower PFDs and associated growth rates, 613C values were in agreement tv~th the hypothesis that fastergrowing diatoms should be enriched in I3C. At llght levels of 5, 20 and 40 pm01 m-2 S -] , Chaeoceros calcitrans had a higher speclfic growth rate than Ditylum brightwellii (Fig. 1) and showed less discrim~natlon against I3C (Fig. 3, Table 1 ).
DISCUSSION
Growth rate and cell size effects have been shown to account for isotopic variability in diatoms (Fry & Wainwright 1991 , Laws et al. 1995 , in zooxanthellae (Muscatine et al. 1989) , chlorophytes (Takahashi et al. 1991) and phytoplankton blooms (Nakatsuka et al. 1992) . In this study, if a growth rate effect were to outweigh a boundary layer effect then it was expected that carbon isotope discrimination would firstly increase with cell size and secondly decrease with specific growth rates in the marine diatoms Chaetoceros calcitrans and Ditylum brightwellii. From the results ot these experiments there was no clear association between carbon isotope discrimina.tion and specific growth rate when the diatoms were examined separately. Similar results were obtained by Hinga et al. (1994) working on Skeletonema costaturn and Emilianla huxleyi (2 species of phytoplankton, of approximately the same size). They concluded that the range of growth rates used in t h e~r study, relative to th.e possible range, was too small to make the effect noticeable. This was not the case in this study where the diatoms were cultured over a wide range of growth rates.
The theoretical relationship between specific growth rate and 6' " is based on cells obtaining their inorganic carbon by diffusive entry of CO,. A diff~culty with this hypothesis is the possibility that nlicroalgal cells use H C 0 3 as well as CO2. The use of H C 0 3 could lead to isotope shifts, unassociated with changes in growth rate, due to the fact that at isotopic equilibrium HC03-is enriched in 'vC. As COa is the species used by ribulose bisphosphate carboxylase-oxygenase (Kerby & Raven 1985) , carbonic anhydrase (CA) is required to convert HCO3' to CO2. If the conversion of HC03-to CO2 occurs intracellularly, and the exchange of HC03-(and even CO2) across the plasmalemma is slow so that heavy residual 'W does not exit from the cell, then the CO2 available for photosynthesis would be enriched in 13C and A would be smaller than in the case of purely diffusional transport (Sharkey & Berry 1985) . However, if the dehydration of HC03-occurs at the cell surface with CA, then the CO2 entering the cell would be isotopically similar to the external CO2. This is because the equilibrium fractionation of H C O , and CO2 is closely similar to the fractionation associated with the CA-mediated conversion of HC03-to CO, (Mook et al. 1974 , O'Leary 1992 Studies on the sources of inorganic carbon for photosynthesis in Chaetoceros calcitrans and Ditylum brightwellii indicate that in aerated, resource-saturated, continuous cultures with a pH of 8.40 and DIC of 2 m01 m-" CA may be involved in photosynthetic carbon assimilation (R. Korb unpubl. data). If the CA is located extracellularly, CO2 converted from HC03-may be transported into the cell. The A values of the diatoms are consistent with, but do not prove, conversion of HCO?. to CO2 outside the cell followed by diffusion of CO2 into the cells with a relatively small diffusion limitation (Raven et al. 1995) . It is possible that at all the growth rates examined in the present study, CO2 supply was adequate and no large fractional limitation due to transport, which would result in low A values, was observed. Thus A values do not increase with increasing growth rate in either species.
When a comparison is made between Chaetoceros calcitrans and Ditylum brightwellii, A is greater in the larger, slower-growing diatom at PFDs of 5, 20 and 40 pm01 m-2 S-'. These data support the hypothesis that larger cells with slower growth rates will lead to increased carbon isotope discrimination. However, the precise mechanism of ''C enrichment in cells of different sizes, which obtain their inorganic carbon for photosynthesis by diffusive entry of CO2 following the CA-catalysed conversion of HC03-, is unclear In serniclosed systems, irrespective of whether cells obtain their inorganic carbon source by diffusive entry of COz or active transport, cell size a.n.d, specific growth rate may still have effects on isotopic d.i.scrimination. Where the growth rate of phytoplankton is fast, relative to the equilibrium fractionation of HC03-and CO,, the I-esulting DIC pool may become depleted in ''C leading to 13C enrichment and subsequent formation of organic carbon. The possibility of biologically mediated isotope effects on ocean DIC was used by Deuser (1970) to interpret elevated plankton 6I3C in a semiclosed system. Such effects cannot account for the results obtained in this study as the continuous cultures used to grow C. calcitrans and D. brightwellii were not semi-closed systems in terms of CO, availability. Although [C02(aq)] was only approximately 5 mm01 m-< due to the relatively high pH, the cultures were well stirred and aerated, ensuring good diffusion of CO2 into the medium and a constant re-supply of 12C to the system. Effects of cell size and subsequent boundary layer thickness may be more important than specific growth rate in influencing stable carbon isotope ratios when photosynthesis is occurring in an open system (in terms of CO2 and availability). A species of a particular size should have a boundary layer with a certain thickness and a source 6I3C value which will remain constant irrespective of growth rate. If the stagnant boundary layer surrounding a diatom acts as a semiclosed system and the cell is obtaining CO2 purely by diffusion, then it is possible that a small, fast-growing cell may rapidly use CO2, as it dissociates from bicarbonate in the boundary layer, before isotopic equilibri.um can be attained. France (1995) found that phytoplankton having thicker stagnant boundary layers, for example benthic algae compared to algae from highly turbulent conditions, resulted in smaller isotopic discrimination. In the present study, A values were greater in Ditylum brightwellii (wlth the thicker boundary layer) than in Chaetoceros calcitrans only when the cells were grown at a PFD of 60 pm01 m-, SS'. In addition, at similar specific growth rates of 0.65 d-' for C. calcitrans and 0.58 d-' for D. brightwellii there is little difference in A values (19.76 and 19.75'Xm, respectively) . Therefore, it would appear that boundary layer thickness has little effect on stable carbon isotope discrimination in these diatoms.
Isotopic variation in source carbon supply is often variable in aquatic environments (Boutton 1991) and so discrimination values are typically used. Often, it is assumed that the S13C of source samples is relatively constant and a single value, either measured directly or estimated from the equations of Mook et al. (1974) , is used to calculate A values. As the 613C of the source DIC varied between individual cultures and individual growth rates in the present study, A was calculated on a n individual growth rate basis. Source 6I"C values differ as the measurements were made a t different times and the isotopic composition of the compressed air changed slightly with different cylinders. Had we used 1 measured or estimated source 6' " value, the resulting discrimination values ~vould have been markedly different. For example, a CO2 source value of -?'X,,, used to calculate A would result in greater discrimination in the larger diatom than in the small diatom at all growth rates and PFDs, as organic carbon 6' " was always greater in Dit\,lum brightwellii ( Table 1 ) . Direct measurements of the 613C of source inorganic carbon, relative to each organic 6'" sample taken, are iinperative to allow comparisons with other studies.
The data from this study are in agreement with the hypothesis that small, fast-growing diatoms are enriched in '"C in comparison to larger, slower-growing diatoms. However, carbon isotope discrimination values showed no relationship to specific growth rate within species. In addition, boundary layer thickness did not appear to affect A values. At present, there is no theory to account for a relationship between stable carbon isotope discrimination and growth rate for cells in open systems where transport of CO2 is not limiting for photosynthesis. Further studies, supported by physiological data in the form of inorganic carbon assimilation and measurements of experimental source 6I3C, are needed to determine the effects that cell slze and specific growth rate have on the carbon isotopic signatures of phytoplankton.
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